Optical loss and polarization characteristics of the photonic crystal stick waveguide resonator modes were investigated using both theory and experiment. A stick waveguide resonator with 12 missing air holes was found to have a very high Q(Ͼ3 800 000) mode originating from the lossless guided mode below the light line. Photoluminescence spectra show sharp resonance peaks at regular intervals in k space, satisfying the resonant condition. Linear polarizations parallel or perpendicular to the waveguide were observed, depending on the mode symmetry. This polarization selection is explained in terms of the far-field cancellation effect of the in-plane field components.
I. INTRODUCTION
Photonic crystals have been widely investigated due to their potential applications in photonic integrated circuits. 1 Two essential components of such integrated circuits are a low threshold photonic crystal laser 2 and a lowloss waveguide. Various photonic crystal lasers have been developed, for example unit-cell lasers, [3] [4] [5] hexagonal disk lasers, 6 and band-edge lasers. 7, 8 For photonic integrated circuits, photonic crystal waveguides have also received considerable attention due to the presence of the lossless guided modes. 9, 10 Recently, we proposed a photonic crystal ring laser as a candidate for an in-plane light source in photonic crystal integrated circuits. 11 In addition, we analyzed the resonant modes by the simple resonant condition (2pϭkL) and the dispersion curve of the photonic crystal waveguide. And, we have proposed that the ring resonator can be used to study waveguiding properties and the waveguide bending effect.
In this article, as an extension of our previous work, we consider the properties of the photonic crystal stick waveguide resonator, with a focus on the properties of the linear photonic crystal waveguide section. This approach was taken based on the expectation that the characteristics of this structure are closely related to the properties of the photonic crystal waveguide. A similar concept has been employed previously by Letartre et al., 12 who analyzed the group velocity and propagation losses of the photonic crystal waveguide by examining the linear waveguide section, and by Lončar et al., 13 who used this structure to confirm the Bloch-mode components.
It is well established that photonic crystal waveguides with a single missing row of air holes have two kinds of dispersion curves, corresponding to the even and odd guided modes. 10, 12 The vertical components of the magnetic field profile of the even ͑odd͒ guided mode have an antinode ͑node͒ at the center of the waveguide. Similarly, the resonant modes of the linear resonator can be classified as even and odd modes. However, the properties of these resonant modes have yet to be analyzed in detail.
In this article, we present the results of a theoretical and experimental investigation of the characteristics of the stick waveguide resonator modes. In Sec. II, we calculate the resonant modes in the stick resonator. The calculations indicate the existence of a resonant mode with a very high quality factor. In Sec. III, the origins of such a high quality factor are investigated. Sections IV and V describe the results of the experiments, which mainly focus on the polarization characteristics of the emitted light. These polarization characteristics are then investigated using far-field simulations.
II. CALCULATION OF THE RESONANT MODES
A schematic diagram of the photonic crystal stick waveguide resonator with N missing air holes (Nϭ12 for this structure͒ is shown in Fig. 1 . A free-standing photonic crystal slab structure is assumed as the platform for the triangular photonic crystal lattice. The refractive index of the slab is chosen to be 3.4, which corresponds to that of InGaAsP around 1.55 m. The air hole radius and slab thickness are chosen to be 0.35 a and 0.40 a, respectively, where a is the lattice constant. In this case, a wide TE-like band gap exists in the frequency ranges 0.30-0.40 (2c/a). The resonant mode profiles, frequencies ͑͒ and quality ͑Q͒ factors, were obtained using a three-dimensional ͑3D͒ finite-difference time-domain ͑FDTD͒ method. In the FDTD method, the computational domain was divided by 20 grids per unit lattice constant.
Two types of resonant modes appear in the band gap. Figure 2 shows the vertical components of the magnetic field (H z ) for six of the resonant modes of the photonic crystal stick waveguide resonator. Clearly, three of these resonant 10 we refer to the modes with an antinode at the center of the waveguide as even modes and those with a node at the center as odd modes. Note that the resonant modes resemble the guided modes in the photonic crystal waveguide. Thus, the resonant modes seem to originate from the photonic crystal waveguide modes.
In fact, the spectral separation between resonant modes can be explained using the simple Fabry-Pérot resonance condition and the dispersion relation of the photonic crystal waveguide mode. Thirteen resonant even modes exist in the stick resonator with Nϭ12. This number of even modes can be explained by assuming an average spectral interval ⌬k of ͑1/13͒ (/a), as obtained from the Fabry-Pérot condition pϭkL. Thus, the effective cavity length of the stick resonator with 12 missing air holes is estimated to be ϳ13 a. 12, 14 For the odd mode, it is difficult to separate the resonant modes due to the flat dispersion of the odd guided mode. As a result, we could identify only the four resonant modes that have the highest Q factors. In Fig. 3 , the resonant mode frequencies and their spatial wave-vector components (,k) are plotted on the dispersion curves of the photonic crystal waveguide. The results indicated a good correspondence.
The total Q factors of the resonant modes were estimated from the time decay of the mode energy. It is well known that the total Q factor can be decomposed into the vertical Q factor and the in-plain Q factor. 15 Since the in-plane loss can be reduced by increasing the number of photonic crystal layers, the vertical Q factor is more important than the in-plane Q factor because it describes the intrinsic loss of the mode. We choose the boundary separating the vertical radiation and the in-plane loss to be positioned at a distance of 0.5 a from the surface of the slab. 16 The estimated vertical Q factors of the modes are summarized in the Table I . For the even mode, the vertical Q factors of the modes below the light line ͑ Ͻ0.31͒ are very high ͑Ͼ10 000͒. In contrast, the odd counterparts have relatively small Q factors, ranging from 470 to 15 400. These high Q factors seem to originate from the lossless guided modes in the photonic crystal waveguide. As shown in Fig. 4 , the highest vertical Q factor has a value of ϳ3 800 000, and comes from an even mode ͑ϳ0.3051͒ that is located well below the light line. This Q factor is high for slab defect resonators. As expected, this Q factor increases with increasing cavity length. Moreover, it will approach infinity in the limit of the infinite cavity length because the photonic crystal waveguide mode below the light line is lossless.
III. ORIGINS OF THE HIGH Q FACTOR MODES
The optical loss of a mode can be separated into the propagation loss in the waveguide and the scattering losses at the two waveguide ends. 17 For the resonant modes below the light line, the propagation loss would be negligibly small. Figures 5͑a͒ and 5͑b͒ show the vertical components of the Poynting vector ( P z ) of the resonant mode shown in Fig.  2͑c͒ , which is detected at a distance of 2 a from the surface of the slab. One can see that the sign of P z in the waveguide region oscillates in time, indicating that the time-averaged energy flow vanishes in that region. This is one of the characteristics of evanescently decaying fields. 18 Thus, we can assume that the optical loss occurs at the two waveguide ends during round trips. When the group velocities of the resonant modes below the light line are very small (Ͻ0.05 c), 19 the scattering loss per unit time also tends to be reduced. Moreover, as shown in Fig. 2͑a͒ , since H z of the highest-Q-factor mode has a Gaussian envelop decreasing with the distance from the center of the stick, the scattering losses at the ends will be very small. This explains qualitatively the origins of the high-Q-factor mode in the stick resonator. For the even modes above the light line, however, the vertical Q factors range from 400 to 600. As shown in Figs. 5͑c͒ and 5͑d͒, the P z of the resonant modes above the light line experience the net energy flow into the vertical direction.
It is interesting that the odd resonant modes below the light line have relatively small Q factors compared with their even counterparts. The highest vertical Q factor among the odd modes is ϳ15 400. As in the case of the even resonant mode, this Q factor will increase with the increasing cavity length. To understand the differences between the Q factors of the even and odd modes, we calculate momentum space intensity distributions (͉FT(E x )͉ 2 ϩ͉FT(E y )͉ 2 ) by taking spatial Fourier transforms ͑FTs͒ of the electric fields. 20 Figure 6 shows the resulting plots of ͉FT(E x )͉ 2 ϩ͉FT(E y )͉ 2 for the even mode shown in Fig. 2͑a͒ and the odd mode shown in Fig. 2͑d͒ . In these plots, the white circle represents the light cone, within which the mode can couple to the vertical radiation. Since most of the k components are located outside the light cone ͑as shown by two bright vertical lines͒, these modes have high vertical Q factors. The small fringes observed for both the even and odd modes are attributed to the finite length (⌬xϳ13 a) of the stick resonator. The periodicity (⌬k) of these fringes satisfies the uncertainty relations ⌬x ⌬kϭ2. In the case of the odd mode, the fringes spread over the light cone. For the even mode, however, the intensity is negligible within the light cone. These differences arise from the apodization effect that occurs for the even resonant mode. 21 Note that the field distributions of a resonant mode can be considered as an aperture function for the far-field pattern. As shown in Fig. 2͑a͒ , the field distribution of the even mode has a Gaussian envelop, which makes the aperture function less sensitive to the finite length of the resonator. In contrast, the envelop function of the odd mode ͓Fig. 2͑d͔͒ has a more rectangular shape. Thus, the Gaussiantype smooth apodization of the even mode will effectively remove sidelobes, resulting in a vertical Q factor that is much higher than that of the odd counterpart.
IV. PHOTOLUMINESCENCE MEASUREMENT
Photonic crystal stick resonators were fabricated on a free-standing photonic crystal slab with InGaAsP active layers emitting near 1.55 m. The total thickness of the slab was 200 nm. Electron-beam lithography was used to pattern the photonic crystal structure, after which chemically as- sisted ion-beam etching and undercut wet etching were performed sequentially. The details of the fabrication procedure are described elsewhere. 22 Photoluminescence spectra were measured from a stick resonator with 17 missing air holes; a scanning electron microscope ͑SEM͒ image of this stick resonator is shown in Fig. 7 . In this stick resonator, the lattice constant ͑a͒ is 540 nm and the air hole radius ͑r͒ is ϳ0.33 a. It should be noted that although the hole shapes are not perfectly circular and not uniform over the lattice, this irregularity is sufficiently small not to change the results significantly. 23 The fabricated samples were pulse pumped by a 980 nm laser diode at room temperature. To reduce thermal effects, the pulse width is adjusted to be ϳ10 ns with a period of 1 s. A 50ϫ microscope objective lens was used to focus the pump beam on the sample, and to collect the emitted light from the sample. The size of the pump spot was sufficiently larger than the size of the entire resonator. By using the charge-coupled device ͑CCD͒, near-field images of the photonic crystal stick lasers were obtained. From the CCD image, we confirm that the light is mainly emitted from the defect region, which implies that the laser mode is operated by the photonic band gap effect.
As shown in Fig. 8 , sharp resonant peaks appear over the wide spectral range of 0.335-0.365 (2c/a), which corresponds to wavelengths of 1450-1600 nm. To explain those peaks, the dispersion curves of the photonic crystal waveguide with the same structural parameters were calculated using the 3D FDTD method with periodic boundary conditions. 24 Comparison with the dispersion curve reveals that the sharp resonance peaks in the frequency range of 0.335-0.345 (2c/a) originate from the odd guided mode below the light line. Note that the odd modes are not observed experimentally above the light line because of their very low Q factors ͑ϳ100͒ in this region. In contrast, the even resonant modes above the light line show sharp resonance peaks, as expected from the FDTD calculations. Due to the large slope and the linearity of the even dispersion curve above the light line, spectral separations ͑⌬͒ are large and uniform by the Fabry-Pérot condition (⌬ϭ g ⌬k ϭ g /L). Thus, the photonic crystal stick waveguide resonator can be used as a Fabry-Pérot-type line filter inserted between two photonic crystal waveguides. From the spectral separation and the slope of the dispersion curve, the effective cavity length was determined to be ϳ18 a.
It should be noted that only one peak in Fig. 8 ͑indicated by ''O1''͒ reaches the lasing threshold. The threshold pump power of this mode is about 1.5 mW. Considering the large pump spot size ͑ϳ8 m͒, the absorbed pump power density is estimated to be ϳ0.6 kW/cm 2 , which is comparable to that reported previously for a photonic crystal ring laser. 11 Since this laser mode operates in the frequency region below the light line, the photonic crystal stick laser can be used as an in-plane light source that couples efficiently to the lossless guided modes in the photonic crystal waveguide.
V. FAR-FIELD POLARIZATION CHARACTERISTICS
To measure the polarization states of the emitted light, a polarizer was placed in front of the entrance slit of the spectrometer. In Sec. II we established that the stick resonator can be considered as a linear Fabry-Pérot resonator. Therefore, the vertically emitted light is expected to have a linear polarization perpendicular to the direction of the resonator. For the even modes, this expectation is the case. Unexpectedly, however, the direction of polarization for the odd modes was parallel to the waveguide. The mutually orthogonal polarization states of the even and odd modes are clearly observed in the polarization resolved photoluminescence spectra shown in Fig. 9 . The insets in Fig. 9 were obtained at fixed wavelengths of 1520 and 1595 nm, which correspond to the even and odd modes, respectively. In this way, the even and odd modes in the stick resonator can be identified unambiguously. Similar analyses using polarization states were carried out by Hwang et al. 6 in a study of hexagonal disk photonic crystal lasers.
It is interesting that the stick waveguide resonator can have the linear polarization along the waveguide. To understand this phenomenon, we computed the in-plane field components (E x , E y , H x , and H y ) of each resonant mode. Figures 10͑a͒ and 10͑b͒ show the in-plane field components of the odd mode ͑ϳ0.3298͒ and the even mode ͑ϳ0.3076͒, respectively. Note that the far-field patterns can be obtained by calculating the spatial Fourier transforms of the in-plane field components. 25 Thus, these field profiles contain the information on the polarization characteristics.
We calculate the far-field radiation pattern by using the vector diffraction formula described in Ref. 25 . In addition, we evaluated the intensities of E x and E y in the far field. In the experiment, the emitted light was collected by the objective lens within a certain solid angle determined by the numerical aperture ͑0.85͒ of the lens. Thus, by integrating the E x and E y intensity patterns within the collection angle, polarization states of the stick resonator modes are obtained. As shown in Fig. 11 , nearly linearly polarized states are obtained. In agreement with the experimental measurements, the even mode is polarized in the y direction, whereas the odd mode in the x direction. From these simulations, the peak-to-valley ratio is estimated to be ϳ30:1. In the experiment, depending on the relative displacement between the sample and the objective lens, the degree of the polarization could be slightly altered due to the asymmetric integration of the emitted photons.
The polarization characteristics outlined above can be accounted for simply by considering the far-field cancellation effect. Since the stick waveguide resonator has a mirror plane at yϭ0 ͑the center line of the waveguide͒, the resonant modes can be grouped into even and odd modes on the basis of their structure with respect to this symmetry plane. In fact, because the magnetic field is the pseudovector, 26 the resonant modes that we defined as odd modes in the previous sections have an even symmetry in that mirror plane. One can confirm that the field components shown in Fig. 10͑a͒ have even symmetries. Thus, E x has an antinode in the mirror plane, whereas E y has a node. Similarly, the even resonant mode shown in Fig. 10͑b͒ has an odd symmetry and E x (E y ) has a node ͑an antinode͒ in the mirror plane.
For the odd mode shown in Fig. 10͑a͒ , one can consider the E y pattern as a distribution of two identical oscillators that are separated by the mirror plane. The separation distance ͑d͒ between two out-of-phase oscillators is approximately equal to the lattice constant ͑a͒, which is less than the wavelength in the air (aϳ0.3 ). In the far-field regime, the radiations from these oscillator pairs tend to cancel out on the whole. In contrast, in the E x pattern, such cancellations occur effectively only in the vicinity of the center of the resonator. Thus, the two remaining oscillators located at the two ends of the waveguide tend to determine the far-field pattern. Since the separation distance ͑L͒ is 12 aϳ(12 ϫ0.3) ϳ3.6 , the angular separation between two intensity maxima is ⌬ϳ/Lϳ(1/3.6) (rad)ϳ16°. This angular separation is verified in Fig. 11͑a͒ . For the even mode shown in Fig. 10͑b͒ , one can easily prove that the E x field is canceled in the far field by using a similar argument. Therefore, the odd ͑even͒ resonant mode has the linear polarization in the x(y) direction. Note that the presence of the dc component in the spatial Fourier transformation of the in-plane field components leads to constructive interference of the vertically emitted light at ϭ0°. For example, the E y pattern in Fig. 10͑b͒ is symmetric with respect to both xϭ0 and y ϭ0 planes. Thus, the spatial integration of the E y field does not vanish, resulting in constructive interference at ϭ0°as shown in the far-field pattern ͓Fig. 11͑b͔͒. 27 On the other hand, in the case of zero dc components ͓Fig. 10͑a͔͒, vertically emitted light destructively interferes at ϭ0°, as shown in Fig. 11͑a͒ .
VI. SUMMARY
We have investigated the stick waveguide resonator modes in a photonic crystal slab using a combination of theory and experiment. The resonant mode profiles, frequencies, and quality factors were calculated using the 3D FDTD method. According to the mirror symmetry along the center of the waveguide, we classified the resonant modes as either even or odd modes. The resonant modes originating from the lossless waveguide modes were found to have high quality factors. The highest quality factor among the resonant modes in the stick resonator with 12 missing air holes was Ͼ3 800 000. Stick waveguide resonators were fabricated on a free-standing slab with InGaAsP quantum wells emitting near 1.55 m. From the spectral separation of the resonant modes, the Fabry-Pérot resonant condition was confirmed. Polarization measurements of each resonant peak revealed that the even ͑odd͒ mode is linearly polarized perpendicular ͑parallel͒ to the waveguide. This polarization behavior was explained in terms of the far-field cancellation effect. From the room-temperature optical pumping, lasing action was observed. Since the laser mode operates in the frequency region below the light line, the stick waveguide laser can be used as an in-plane light source in photonic crystal integrated circuits.
